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Fluorometric Study of the Viability of Rat Liver Grafts After Simple 
Cold Storage With UW Solution Versus Euro-Collins Solution 
R. Okamura, N. Murase, D.-G. Kim, S. Todo, K. Ozawa, and T.E. Starzl 
ONE of the greatest needs in liver transplantation is a 
method to determine the quality of preserved he-
patic homografts in advance of their insertion. To date. 
there has been no reliable noninvasive method. As a step 
toward this objective. an interinstitutional study was un-
dertaken. One of the collaborating groups (Kyoto Univer-
sity) has been able to quantitate derangements of hepatic 
energy metabolism during liver preservation with Euro-
Collins (EC) solution using a noninvasive method of pyri-
dine nucleotide fluorometry. 1-3 However, a direct compar-
ative study between fluorometric measurement and 
outcome of liver transplantation, and a fluorometric study 
of preservation with University of Wisconsin (UW) solu-
tion have not yet been performed. The other collaborating 
group (University of Pittsburgh) has demonstrated the 
superiority of the University of Wisconsin (UW) 
solution4-7 to EC solution for preservation of canines and 
human livers.9 •lo For the present study, workers from 
Kyoto and Pittsburgh joined to see if the superiority of the 
livers preserved with UW solution could be confirmed 
with fluorometry in rat livers reperfused at low tempera-
ture. Assessment of the recovery of liver adenine nucleo-
tide under conditions of hypothermic reperfusion following 
static cold storage was first shown to be feasible by 
Portegnie-Istace and Lambotte. II and previously used by 
us. I 
MATERIALS AND METHODS 
Liver Procurement and Preparation 
Male Lewis rats (Charles River Breeding Labs. Wilmington. 
Mass) weighing ISO to 230 g were allowed access to water and 
fasted overnight. All animals were anesthetized by IP injection of 
30 mg/kg sodium pentobarbital. 
Preparation of isolated perfused livers was done according to a 
method previously described. I Immediately after cannulation of 
the portal vein. the rat livers were perfused by a nonrecirculating. 
open-end perfusion system driven by a roller pump. The perfusate 
at O"C to 4°C was nonoxygenized UW solution or EC solution with 
SOOO UIL heparin. The initial flow rate was 20 mUmin for 5 
seconds. Thereafter. the rate was maintained at 5 mUmin until the 
end of the perfusion. The total volume of perfusate used to harvest 
each organ ranged from 30 to 40 mL. The perfused livers were 
stored at O"C to 4"C for up to 72 hours (Table I). 
Change of Liver Weight 
Livers were weighed immediately after harvesting and at the end 
of the preservation period (Fig I). 
Reperfusion 
At the end of static storage. reperfusion of the preserved liver was 
done through the same portal cannula using cold (4"C) solutionl2 
to which 10 mmollL glucose and 1000 U/L heparin were added 
and through which 95'1< o~ to 5% Cl~ were bubbled. The reperfu-
sion flow was at 20 mUmin for 15 minutes. At the end of the 
IS-minute reperfusion. I to 2 minutes were allowed to elapse so 
that the reperfusate fluid could drain out of the organ. Then. the 
probe of the redoximeter was brought softly into contact with the 
liver surface and measurements were made. All of the reperfusion 
work and preservation was done in a domestic refrigerator 
equipped with an electric temperature controller to maintain the 
temperature in the circuit at 4°C. 
Fluorometry 
The redoximeter is a microspectrofluorometer (Tateishi Life Sci-
ence Co .. Ltd. Kyoto. Japan) developed for measuring the fluo-
rescence of nicotinamide adenine dinucleotide phosphate. re-
duced form [NAD(P)H]. at 460 nm with a 366-nm excitation wave 
length using a 1000watt. high-pressure mercury arc as the light 
source. During reperfusion. the fluorescence which measures the 
amount of nicotinamide adenine dinucleotide. reduced form 
(NADH). decreases abruptly for 3 or 4 minutes. then more 
gradually until a relatively steady state is reached after 15 or 20 
minutes (Fig 2A). In a liver that has been preserved for a brief 
period. reperfused and oxygenated with the Krebs-Henseleit 
solution. the downward slope of the redoximeter tracing after 
discontinuance of the reperfusion accurately reflects the relative 
absence of ischemia (Fig 2B). The rate (velocity) of the slope 
descent is expressed as Rx V. The amplitude of this change is 
expressed as RxA. The Rx Ii and RxA value obtained by freshly 
harvested liver with UW solution was employed as a control (Fig 
3). and RxA and Rx V are expressed as percentage change relative 
to the control. 
Adenine Nucleotides and Energy Charge 
Liver tissue of nonpreserved livers after 15-minute reperfusion at 
4°C was freeze-clamped by tongs pre-immersed in liquid nitrogen 
at oxidized state. half-reduced state. and reduced state in the 
fluorometric trace for the measurement of adenine nucleotides 
(ATP. ADP. and AMP). Adenine nucleotides were measured by 
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Table 1. Changes In Values of Fluorometric Trace 
o hours 
6 hours 
9 hours 
12 hours 
24 hours 
48 hours 
72 hours 
%RxA 
88.0::!: 3.5' 
87.5 :!: 1.8" 
84.9= 4.0" 
79.7 :!: 6.8' 
UW Group 
~I~ RxV 
100 
99.5 = 7.9 
98.0 ::!: 3.8' 
98.0 :!: 5.1' 
87.6:!: 7.5 t 
73.3 ::!: 9.4' 
Results shown are expressed as means ~ SEM. 
'Significantiy different from 0 hour of the UW group. P < .05. 
tSigniflcantly different from 0 hour of the UW group. P < .01. 
'Signiflcantly different from the EC group. P < .01. 
high performance liquid chromatography. D Hepatic energy 
charge levels were calculated by formula by Atkinson 14 as fol-
lows: energy charge = (ATP + 0.5 ADP)/(ATP + ADP ;- AMP). 
Histology 
At the end of the experiment. liver sections were obtained from 
the median lobe fixed in formalin. and stained with hematoxylin 
and eosin. 
Liver Transplantation 
In 47 separate experiments, orthotopic liver transplantation was 
performed using Kamada's cuff technique IS with male Lewis 
grafts preserved for 6 to 24 hours. Recipients were male Lewis. 
and survival credit was limited to I week. The objective was to 
make a simple comparison of the survival after transplantation 
using UW and EC livers that had comparable times of preserva-
tion. 
Statistical Analysis 
All results were expressed as mean!: SE. Statistical significance 
was determined by Student's I test. P < .05 was considered 
significant. 
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Fig 1, Percentage change in liver weight during the preservation 
period. Livers preserved in EC solution gained significantly more 
weight then those preserved in UW solution. P < .01. 
n 
(7) 
(6) 
(6) 
(7) 
(7) 
(6) 
RESULTS 
Liver Weight 
0'0 RxA 
91.7:!: 2.5 
88.8:!: 2.5 
77.0:!: 1.8t 
71.3 :!: 3.4 t 
65.9 :!: 3.9 t 
59.8:!: 3.4t 
EC Group 
% RxV n 
96.9 ~ B.2 (6) 
88.1 ~ 3.5 (6) 
87.8 ~ 6.9 (6) 
80.6:!: 3.5t (7) 
64.8:!: 8.7t (8) 
39.8:!: 9.8 t (6) 
The livers preserved in UW solution lost weight during 
storage, whereas those in EC solution gained weight (Fig 
I j, The changes correlated with the duration of preserva-
tion and were significant at all times (Fig I). 
Redoximeter Comparisons 
A large change in fluorescence amplitude (RxA) as well as 
a high velocity of this change (Rx V) when anoxia is 
imposed. are characteristics of a well-preserved liver1 (Fig 
2). These results with energy charge and fluorometric trace 
are almost identical to those after discontinuance of reper-
fusion in control nonpreserved livers (Fig 3) in which the 
hepatic energy charge levels decreased rapidly from 0.88 
to 0.78 at a half-reduced point concomitant with rapid 
downward slope of the redoximeter trace, and then to 0.64 
at the reduced steady state. In UW livers. preserved for 48 
hours. more than 85cn of the expected (zero time) RxA was 
retained compared to 60cn in EC livers (Fig 4). At the same 
48-hour time. RxV retention was 88% of expected with 
UW livers versus 40% with EC livers (Fig 5). These 
differences between the 2 groups were significant after 12-. 
24-, and 48-hour preservation (P < .01). 
Histopathology 
With light microscopic examination, the hepatocytes ap-
peared to be almost normal in both groups, except for rare 
mild vacuolization in the 24- and 48-hour EC-preserved 
livers. 
Uver Transplantation 
The livers preserved with EC solution were satisfactory 
for only 6 hours. whereas UW livers permitted 100% 
survival after preservation for 12 hours and a 65% success 
rate after 18 hours (Table 2). These results confirmed the 
superiority of UW that has been reported in dogs and 
humans.8-IO However, the redoximeter readings did not 
accurately predict the quality of the UW-preserved livers 
in that seemingly satisfactory RxA and Rx V values were 
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Fig 2. (A) Decrease of NADH and establishment 01 steady state 
during reperfusion after brief period of preservation of UW liver. (B) 
Redoximeter trace and its measurement in the reperfused liver. 
RxA: the amplitude between the plateaus of oxidized and reduced 
steady state; Rx v: slope or velocity of the trace curve from 
oxidized state to reduced one. 
retained long after the organs ceased to be able to support 
life after transplantation. 
DISCUSSION 
Because the maintenance of biologic function depends on 
a continuous supply of ATP. its'absence causes metabolic 
and physiologic dysfunction in the vital organs. Studies 
from the Kyoto group have focused on the metabolic 
derangements in the energy balance necessary for main-
taining ceUular viability after major hepatectomy. jaun-
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Fig 3. Changes in energy charge and IIuorometric trace of a 
nonpreserved liver after stopping 15-minute reperfusion at 4°C. 
Energy charge rapidly decreases concomitant with downward 
slope of the fluorometric trace, indicating virtual absence of isch-
emic injury. Note similarity to slope in Fig 2. 
dice. shock. and other conditions. '6-Z' It was shown that 
there is a positive correlation among several parameters of 
energy metabolism. such as mitochondrial redox state 
(NAD+/NADH). energy charge. and arterial blood ketone 
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Fig 4. Changes in percentage of RxA (% RxA) in the lluorometric 
trace. % RxA decreases proportionally to the duration of preser-
vation period in both groups, and shows significantly higher levels 
in the UW group than in the EC group after 12, 24, and 48 hours 
of preservation. (a) Significantly difterent from 0 how of the UW 
group, P < .OS; (b) P < .01; (c) significantly different from the EC 
group, P < .01. 
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Fig 5. Changes in percentage of Rx V (% Rx ~ in the fluorometric 
trace. % Rx V decreases proportionally to the duration of preser-
vation period in both groups, and shows significantly higher levels 
in the UW group than in the EC group after 12, 24, and 48 hours 
of preservation. (a) Significantly different from 0 hour of the UW 
group, P < .05; (b) P < .01; (c) significantly different from the EC 
group, P < .01. 
body ratio (acetoacetate/3-hydroxybutyrate). Previous re-
ports also showed that hepatic failure after transplantation 
was linked to a marked decrease in hepatic energy charge, 
which is associated with the metabolic derangements of 
the graft. 22 .23 Tokunaga et all investigated the mitochon-
drial redox state of perfused rat liver after simple cold 
storage with EC solution at low temperature. using the 
microftuorometric device which was developed in princi-
ple by Chance et af4-26 and applied to experimental 
animals by the Kyoto group. 1-3 The ftuorometric measure-
ments deteriorated steadily with time over 48 hours of 
preservation and correlated with tissue concentration of 
NAD. total adenine nueleotides. energy charge level, and 
mitochondrial phosphorylation rate. I However, direct 
comparative study between ftuorometric measurement and 
outcome of liver transplantation has not yet been per-
formed with either EC or UW solution. 
The conditions of fluorometric measurement involved 
Table 2. One Week Survival Rate After EC and UW Solution 
Preservation 
Preservation Preservation Survival Rate at 
Solution T.me (h) 7 Days (%) 
EC 6 616 (100) 
9 2113(15.4) 
12 on (0) 
UW 9 6/6 (100) 
12 313 (100) 
18 213 (66.7) 
24 319 (33.3) 
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reperfusion at 4'C. The possibility of measuring the recov-
ery of energy charge levels during hypothermic reperfu-
sion was demonstrated by Pontegnie-Istace and 
Lambotte II who used blood at 20°C. Our perfusate was 
asanguinous at the much lower temperature of 4°C. These 
conditions were accepted after demonstrating that the 
respiratory chain of liver mitochondria is still active at 4°C 
(see Fig 2A). The latter demonstration defined the practical 
possibility in clinical practice of testing livers during cold 
reperfusion without warming the organs from their static 
preservation temperature. 
The correlation between the redoximeter results and the 
adequacy of the livers actually transplanted was good 
when static preservation was done with EC solution. The 
RxA and Rx V remained within normal for 6 hours of 
preservation, but with rapid deterioration after 9 and 12 
hours. In separate experiments, transplantation could be 
performed successfully with livers preserved for up to 6 
hours, but not thereafter. 
The same correlation was not seen with livers preserved 
for long periods with UW solution. As measured by 
fluorometry, these livers did not deteriorate at all in the 
first 24 hours, and changes were minor even as late as 3 
days. This remarkable maintenance of a nearly normal 
redox state did not mean that the livers were satisfactory 
for transplantation. in fact. most of the livers preserved for 
24 hours could not support recipient life. This means that 
redoximeter measurements would not be useful at present 
in guidingjudgment about liver suitability after simple cold 
storage with UW solution except with relatively short 
preservation times, 
Why the results were so divergent between the fluorom-
etry results and the actual performance of the long-pre-
served livers is not known. One possibility is that the 
present fluorometry methods provide 'an incomplete as-
sessment of the integrity of the mitochondrial respiratory 
chain, and cannot predict the capacity of enhancement of 
mitochondrial oxidative phosphorylation which is neces-
sary to restore ATP synthesis after reperfusion. In addi-
tion, the fluorometric readings obtained at 4°C may not 
have revealed microcirculatory damage that could later 
prevent restoration of normal circulation after transplan-
tation, thus causing a self-perpetuating reperfusion injury 
of the revascularized graft. In a similar ex vivo model, in 
which reperfusion was for 90 minutes at 3rC, Ontell et al2? 
showed extensive and progressive disruption of the sinu-
soidal endothelium. Such observations, as well as even 
more direct evidence,28-11 have suggested that il\iury to 
the microvasculature of livers as well as kidneys12 may be 
far more important than previously realized in the etiology 
of preservation injury. If so, measurement of the hepato-
cyte redox state after a brief period of hypothermic reper-
fusion will not be predictive of the organ's true potential 
for survival. Further investigation of these possibilities will 
be necessary. 
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